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A B S T R A C T
The inﬂuence of annealing time on the structure, morphology and photoluminescence behavior (Al)/(Ga) co-
doped ZnO (AGZO). nanoﬁlms are grown on the p-type Si(100) substrate via combined sol-gel, spin coating
annealed in air at 500 °C at 0–3 h. Samples are characterized using XRD, TEM, AFM, FESEM, EDX, (PL) and
Raman measurements. XRD pattern conﬁrmed the growth of highly poly-crystalline hexagonal wurtzite structure
of ZnO with preferred orientation along (101) direction. At (3 h) is found to cause lattice contraction and strain
relaxation. TEM images revealed the nucleation of nanoparticles (NPs) and SAED pattern identiﬁed the lattice
parameter. Raman spectra of AGZO exhibited optical and acoustic modes. FESEM displayed an increase in the
particles size and number of nanoﬂakes with increasing annealing time. EDX detected right elemental traces. PL
revealed an intense emission peak centered at 3.23 eV, which is continuously shifted toward lower frequency
with increasing time.
1. Introduction
In the past few decades, tremendous progress is made towards the
synthesis and characterization of semiconducting oxides in general and
ZnO in particular due to their unprecedented prospect for optoelec-
tronic devices, sensors, and other technological applications [1]. ZnO is
a well-known wide band gap (3.37 eV) semiconductor and piezoelectric
material with large exciton binding energy (60 meV) at room tem-
perature [2], [3]. Besides, it ﬁnds diverse applications as catalysts,
sensors, piezoelectric transducers [4], transparent conductors [5] and
surface acoustic wave devices [6]. Over the years, several techniques
are developed to prepare the ZnO thin ﬁlms including thermal oxida-
tion [7], molecular beam epitaxy [8] and pulsed laser deposition [9],
chemical vapour deposition [10] and magnetron sputtering [11] etc. to
cite a few. Amongst all these, sol-gel [12–15] method has some merits,
such as the easy control of chemical components, and fabrication of thin
ﬁlm at a low cost (cost eﬀective process), excellent control of the
stoichiometry, composition modiﬁcation (mixing on a molecular level),
inexpensive equipments and the sol–gel technology is a facile techno-
logical approach oﬀering possibility for production of high quality
homogeneous thin ﬁlms on large area [16], followed by spin coating
became attractive for ZnO nanoﬁlm fabrication due to its high
controllability on nanostructure properties mediated by ﬂexible growth
conditions. Recently, investigation of metallic elements doped/co-
doped ZnO nanoﬁlm received much attention due to some emerging
properties as compared to their pure counterparts.
Many researches revealed that the overall electronic properties of
grown nanostructure are greatly decided by the deposition conditions
and post-annealing treatment. Generally, the properties of the as-de-
posited ﬁlms are strongly sensitive to the presence of structural defects
which are requisite for thin ﬁlms growth for maintaining the stabile
properties after the post-annealing treatment. Such post-annealing is
performed to alter the stoichiometry, carrier concentration, and mobi-
lity. In addition, it is used to improve the ﬁlm crystallinity as well as the
physical desorption or the chemisorption of oxygen from the grain
boundaries of ﬁlms. In short, the overall properties of ZnO ﬁlms are
determined not only by the growth processes but also by the post
growth treatment such as thermal annealing. Earlier, extensive re-
searches are carried out to evaluate the eﬀects of annealing on the
properties of ZnO thin ﬁlms [17–19]. Despite much research, no con-
clusive remark is made regarding the inﬂuence of the annealing con-
ditions on the properties of ZnO thin ﬁlms such as ambient gas species,
annealing temperature and time. Especially, the eﬀects of annealing
time on the structural and optoelectronic properties of Al/Ga doped
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ZnO ﬁlms are not much explored.
Single element doped ZnO thin ﬁlms such as Al:ZnO (AZO) and
Ga:ZnO (GZO) suﬀer from various limitations in terms of thermal sta-
bility, distortion in the crystal structures as well as easy oxidation [20].
For instance, the distortion in GZO crystal structure is less than AZO
because of the lower approximate ionic radii of Ga3+ (0.062 nm) to
Zn2+ (0.074 nm) than Al3+ (0.054 nm) [21]. Conversely, less durabiity
of GZO under humid conditions and expensiveness of Ga inhibit their
mass production. ZnO co-doping mechanism can improve the electrical
and optical properties with doping process such as Al and Ga elements
which are belong to III group, exciton and charge carriers transport in
organic layer need to be a short distance between organic ﬁlm and
transparent conducting oxide layer less than 10 nm. To satisfy this re-
quirement, the transparent conducting oxide should be nanoscale in
dimensions. Therefore, nanostructured transparent conducting oxide
can enhance the performance of nanostructure ﬁlms application with
increasing charge collection area. Co-doping of ZnO is normally per-
formed using physical methods [22]. However, for achieving good
homogeneity and increased formation of transparent conductive oxides
sol-gel method of synthesis is preferred.
By considering the notable advantages of combined sol-gel and spin
coating method we prepare Al/Ga co-doped ZnO thin ﬁlms (AGZO) on
p-type Si (100) substrate under varying annealing time. Annealing time
dependent structural, morphological and photoluminescence properties
of these as-prepared nanoﬁlm samples are determined. Results are
analyzed, compared and explained using diﬀerent mechanisms.
2. Experimental
Sol–gel and spin coating methods are used to deposit AGZO nano-
ﬁlms onto p-type Si (100) substrates. Analytical grade high purity raw
materials are taken for sample preparation, where zinc precursor so-
lution is obtained by dissolving zinc acetate dihydrate (ZnAc) [Zn
(CH3COO)2·2H2O] (Alfa Aesar, 99.999%) in 2-propanol (C3H8O) of
0.1 M concentration, and ethanolamine (EA) (AR, Merck). Next, EA is
added to get a transparent and stable solution where (ZnAc), 2-pro-
panol and EA are used and solvent and stabilizer, respectively. The
molar ratios of ZnAc to EA are maintained at 1:1. Aluminum nitrate
nonahydrate [Al(NO3)3·9H2O] as well as gallium nitrate nonahydrate
[Ga(NO3)3·9H2O] (Alfa Aesar, 99.999%) are used as Al and Ga doping
resources, respectively. Concentrations of both Al and Ga are ﬁxed to 1
at.%. Aluminum nitrate nonahydrate and gallium nitrate nonahydrate
are dissolved into the solution, which is stirred using magnetic stirrer at
60 °C for 90 min.
A transparent and homogenous solution that appeared after 24 h is
then spin coated onto Si substrates. The entire procedure of coating and
drying is performed for 30 s at 3000 rpm. After the deposition, the ﬁlms
are dried in a furnace (300 °C) for 10 min. The baked ﬁlms revealed the
absence of vibration peaks (FTIR spectra) at 1580 and 1450–1420 cm−1
corresponding to the acetate group [23]. Moreover, the absence of these
peaks veriﬁed the complete removal of organic constituents at 300 °C
which is considered as the optimal temperature to induce the growth of
nanocrystallites on the spin-coated AZO ﬁlm [24]. The coating to
drying process is repeated for 10 times. The achieved AGZO nanos-
tructured ﬁlms are annealed in microprocessor controlled furnace
(500 °C) at heating rate of 5 °C/min for the duration of 0, 1.0, 2.0, and
3.0 h.
The morphology and structure of (all) synthesized samples are
characterized using atomic force microscopy (AFM, SPI3800, Seiko
Instrument Inc.), X-ray diﬀraction (XRD, Bruker D8 Advance
Diﬀractometer) operated with Cu-Kα1 radiations (1.5406 A°) at 40 kV
and 100 mA in the scanning range (2θ) of 20°–80°. A slow speed of
scanning ∼1.2°/min with a resolution of 0.01° is employed. Samples
elemental composition and surface morphology are analyzed using
energy dispersive X-ray diﬀractometer (EDX) and ﬁeld emission scan-
ning electron microscope (FESEM, ZEISS SUPRA 35 VP), respectively.
Transmission electron microscope (TEM) micrographs and selected-
area electron diﬀraction patterns were obtained by (Hitachi) model
HT7700, and high-resolution transmission electron microscope
(HRTEM) (JEOL JEM-ARM200F). Room temperature photo-
luminescence (PL) measurement is performed using as Perkin Elmer LS
55 Luminescence Spectrometer, where xenon ﬂash lamp with exciton
320 nm is used as excitation source. Raman spectra of the ﬁlms were
obtained by means of labRam HR Evolution (RAMAN SPECTROMETER)
Brand: HORIBA Scientiﬁc. Raman spectra were excited with the 325 nm
line at Ultra-Violet and He-Cd laser at an incident power of 20 mW in
the range 1800–2400 grating/mm. The resistivity of the annealed (at
500 °C) AGZO nanoﬁlms is measured using four-point probe method.
3. Results and discussion
Fig. 1 shows the XRD pattern of pre-annealed and post-annealed
AGZO nanoﬁlms samples. The appearance of sharp diﬀraction peaks
clearly reveals the existence of high crystalline nature of the samples
[25]. Peaks corresponding to the growth directions (lattice planes) of
(100), (002), (101), (102), (110), (103), (200), (112) and (201) are
evidenced in all samples. All the samples exhibit hexagonal wurtzite
polycrystalline structure when compared with the standard JCPDS of
ZnO (Card no. 36-1451) [25]. Our AGZO nanoﬁlms with 1 at.% Al and
additional 1 at.% Ga co-doping did not display the formation of sec-
ondary phases or impurities such as Al2O3, Ga2O3, ZnAl2O4 or ZnGa2O4.
Moreover, the observed enhancement in the XRD intensity for (100),
(002) and (101) peaks of all samples indicates the preferential growth
orientation along these lattice planes. A decrease in the full width at
half maxima (FWHM) of these peaks with increasing annealing time
shows the role of size conﬁnement. Scherrer equation is used to esti-
mate the grain size (D) of Nano crystallites by ﬁtting the peak to
Gaussian proﬁle [26]. The grain sizes are increased with the increase of
annealing time duration from 1 to 3 h, thereby caused enhanced crys-
tallinity of the nanoﬁlms. Thus, an improvement in the crystalline
nature of the ﬁlms is achieved by controlling the annealing time. This
annealing time assisted modiﬁcation in the nanoﬁlms growth is at-
tributed to rapid reduction of the number of non-bridging oxygen type
defects and subsequent favourable formation of the ZnO grains.
The dislocation density (δ) being deﬁned as the length of the dis-
location lines per unit volume of crystal, exhibits a decreasing trend
with increasing annealing time. Consequently, the concentration of
lattice imperfections is decreased. The dislocation density in the ﬁlm is
determined using Williamson and Smallman’s formula (δ= 1/D2) [27]
Fig. 1. XRD pattern of as grown and post annealed samples.
H.J. Al-Asedy et al. Materials Research Bulletin 97 (2018) 71–80
72
and enlisted in Table 1. The larger D and smaller FWHM values indicate
better crystallization of the ZnO nanostructured thin ﬁlms. The ex-
pressions for lattice parameters (a and c) yield [28]:
=D
θ
Kλ
β cos 101 (1)
=a λ
θ3 sin 100 (2)
=c λ
θsin 002 (3)
Considerable shift in the (101) peak position towards higher dif-
fraction angle (Table 1) with increasing annealing time indicated the
change in the lattice parameter due to the involvement of macroscopic
strain. This decrease in the lattice parameters is attributed to various
mechanisms including the elimination of defects and occurrence of
structural relaxation. ZnO thin ﬁlms having various defects such as
oxygen vacancies, lattice disorders, etc are very sensitive to the an-
nealing process, where removal of these defects can cause considerable
amount of lattice contraction.
Table 2 summarizes the annealing temperature dependent variation
of estimated grain size using diﬀerent methods, values of resistivity as
well as density (Eq. (4)). As-prepared sample (0 h) revealed a grain size
of 9 nm, which is grown to as much as 13, 22 and 30 nm after 1, 2 and
3 h of annealing time; respectively. The average grain size of as-de-
posited ﬁlm is 15.1 nm. However, it is shown to increase from 25.3 to
36.3 nm with the increase of annealing time duration from 1 to 6 h for
nanoﬁber thin ﬁlms grown by spray pyrolysis technique [29]. This in-
dicated an improvement in the crystalline nature of the ﬁlm with in-
creasing annealing time duration. The growth of granules with the in-
crease of annealing time promoted the reduction of the number of non-
bridging oxygen type defects which in turn favored the formation of the
ZnO grains [30]. Meanwhile, an improvement in the overall crystal-
linity of AGZO ﬁlms with increasing annealing time is also evidenced.
Also we can notice by increased time the crystallite size is increasing, as
shown in Fig. 2. Table 2 enlists the values of nanocrystallites density (ρ)
and cell volume (V) for hexagonal crystal system in terms of lattice
constants a and c which are calculated from the XRD patterns following
[31]:
=
× ×
V
ρ 1.6609 M n (4)
= ×V a c0.866 2 (5)
Where M is molecular weight of substance and n is the number of
formula units in the unit cell (n = 2 for ZnO).
The density of ﬁlm is enhanced with increasing annealing time. This
is due to the embodiment of nanostructures having less number of point
defects, smaller d or higher D in the presence of highly crystalline ZnO
nanoparticales, vacancies (cation and anion), extended defects like
dislocations, etc. These defects are responsible changing the density and
bulk modulus [31]. Therefore, for single element doping (Al only) the
low concentration of Al3+ has neutralized these defects and do not
inﬂuence the crystallize size. However, for co-doped system (Al and Ga
dopants) the increased concentration of Al3+ and Ga3+ ions has in-
creased the size where the strain became thickness dependent. The
increase in the density with the increase in Al/Ga concentration pro-
duced a contraction in the lattice volume.
These defects allowed the alteration in the density and resistivity of
the ﬁlm. Furthermore, the annealing temperature assisted lattice re-
laxation due to varying dangling bonds played a signiﬁcant role in
modifying the overall ﬁlm structures. The electrostatic interaction of
the dangling bonds on ZnO surface with adsorbed oxygen ions from the
atmosphere is partly responsible for the contraction of lattice (Table 1).
Table 1
Annealing time dependent variation of growth orientation, diﬀraction angle, planer separation, lattice parameters, and dislocation density.
Annealing time (h) hkl 2θ ± 0.01 dhkl (nm) ± 0.0002 Lattice parameter (nm) ± 0.0002 δ ± 0.0002
As-prepared (100) 31.76 0.2829 a = 0.3256 0.0156
(002) 34.46 0.2602 c = 0.5209
(101) 36.38 0.2594
1 (100) 31.77 0.2825 a = 0.3250 0.0082
(002) 34.49 0.2598 c = 0.5206
(101) 36.38 0.2581
2 (100) 31.78 0.2817 a = 0.3248 0.0020
(002) 34.47 0.2594 c = 0.5202
(101) 36.38 0.2563
3 (100) 31.75 0.2813 a = 0.3245 0.0011
(002) 34.48 0.2584 c = 0.5198
(101) 36.38 0.2358
Table 2
Annealing time dependent variation of estimated grain size obtained using diﬀerent
methods, resistivity, and density.
Annealing time
(h)
Grain size (nm) FWHM Resistivity
(Ω cm)
Density (gm/
cm3)
Scherrer AFM
As-prepared 09.00 08 0.01621 0.167 5.7197
1 13.00 16 0.01122 0.098 5.7442
2 23.12 25 0.00631 0.046 5.7557
3 30.03 35 0.00486 0.024 5.7708
Fig. 2. Variation of nanocrystallite sizes as a function of annealing time.
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Fig. 3(a) displays the TEM images of the AGZO nanoﬁlms annealed
for 3 h, where the growth of crystalline NPs is clearly evidenced.
Fig. 3(b) shows the FFT pattern from the selected part (20 nm) of
Fig. 3(a). The Bragg’s diﬀraction planes of the crystal lattice are ob-
served. Occurrences of series of rings conﬁrmed that these column
structures are indeed AGZO with the (002) plane parallel to the Si
substrate surface. The selected area electron diﬀraction (SAED) pattern
of the ﬁlm (Fig. 3(c)) clearly revealed the manifestation of AGZO lat-
tice. The HRTEM image in Fig. 3(c) clearly resolved the lattice fringes
with inter-plane distance of 0.265 nm, which is matched with the (002)
for angle (34○) lattice plane of AGZO [32]. Furthermore, the formation
of polycrystalline ﬁlm with multilayer growth pattern consisting of NPs
and nanoﬂakes revealed the presence of round-shaped crystallites with
distinct crystallographic planes. Fig. 3(d) illustrates the single proﬁle
lattice fringes. This achieved high regularity in the fringe proﬁle ob-
tained via annealing process further conﬁrmed the good quality,
homogeneity and enhanced crystallinity of the nanostructure [32].
Fig. 4 depicts the annealing time dependent AFM images. The cor-
responding size distributions of nanocrystallites are shown in Fig. 5.
The overall growth morphology of the AGZO nanoﬁlm is observed to be
highly sensitive to annealing[33]. The direct formation of grains on the
substrate surface and their structural evolution with annealing time is
attributed to the Volmer–Weber (VW) growth mechanism. In this pro-
cess, the interactions between adatoms became stronger than those of
the adatom with the surface, leading to the formation of three-dimen-
sional adatom clusters or islands as observed in the AFM images.
Eventually, the growth of these AGZO clusters (NPs and nanoﬂakes)
together with coarsening resulted the formation of rough multi-layer
ﬁlms on the Si(100) substrate surface. The NSs are preferentially grown
perpendicular to the substrate of double layered thin ﬁlms. Xu et al.
[34] proposed that the (002) plane of ZnO has minimum surface energy
so most of the particles grow along this plane. However, as the number
of layer increases with increasing annealing time duration, the layers
beneath act as buﬀer layer for the top layers. AFM images of the ZnO
thin ﬁlm (Fig. 4(a), (b)) clearly reveal the aligning of individual ZnO
nanoparticles in as ﬂakes like top hills, strongly correlating the fact that
successive deposition of the precursors are only allowed at the empty
sites (such as the kinks, steps) on the preformed ZnO layers. Thus, it
directed to grow individually along the preferred orientation, thereby
maintained the integrity of the as-formed nanoparticulate ﬁlms [35].
The presence of large lattice misﬁt between the deposited AGZO
material and the Si substrate that occasionally hindered the growth of
Fig. 3. (a) TEM image of AGZO ﬁlms annealed for 3 h is showing the existence of NPs. (b) FFT image of selected NP showing various Bragg’s plane with SAED pattern of a NP (inset). (c)
HRTEM image. (d) proﬁle of one view.
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layers on the strained structure is manifested as ﬁlm roughness.
Consequently, the growth process is altered from layer-by-layer to
spontaneous formation of three-dimensional Nano islands.
The baseline sample comprised of a distribution of pyramid-shaped
grain that eventually transformed to dome-shaped upon annealing for
3 h. Furthermore, prolonged annealing caused these grains to coarsen
via structural and compositional changes through continuous strain
relaxation. Coarsening being a competitive growth processes, some
islands are found to grow at the expense of others in order to minimize
the total surface energy [36].This led to an enhancement in the mean
volume of grains with annealing time. Coarsening in a system of pure
ZnO clusters happens due to combined mechanisms such as Ostwald
ripening [37] mediated by adatom diﬀusion between grains or Si inter-
diﬀusion.
Table 3 enlists the values of increasing annealing time, roughness
(rms), number density and ratio of grain area calculated from the AFM
Fig. 4. 3D AFM images of diﬀerent samples: (a) 1 h. (b) 3 h.
Fig. 5. Corresponding (Fig. 4) width distribution of
grains in the samples: (a) as-prepared. annealed for
(b) 1 h. (c) 2 h. (d) 3 h.
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data. The achieved enhancement in the values density and mean grain
size with increasing annealing time is attributed to long range migra-
tion of atoms on the surface with longer free path, formation of more
nucleation sites and subsequent growth processes. Moreover, the in-
crease in the rms roughness is ascribed to the ﬂuctuation of surface
having diﬀerent grains size distribution.
Fig. 6(a), (c), (e) and (g) demonstrate the FESEM images (planer
view) of AGZO nanoﬁlm including as-prepared and those synthesized
for annealing time durations of 1, 2, and 3 h respectively. Except the as-
prepared sample all others are comprised of mixed nanoparticales and
nanoﬂakes morphology. Conversely, the non-annealed sample revealed
homogenous surface containing a high density of grains lead to fewer
nanoporous structures (black spots in Fig. 6(a)). However, the surface
morphology of samples annealed at 1 h (Fig. 6(c)) and 2 h (Fig. 6(e)) is
substantially diﬀerent. This is because the annealing treatment has
provided suﬃcient thermal energy for such nanostructures (NPs and
nanoﬂakes) growth. The planer view of samples also depicted an overall
increase in the NPs size consisting of little amount of large perpendi-
cular nanoﬂakes (particles white in color in the Fig. 6e and g).
Further increase in the annealing time duration up to 3 h led to an
enhanced crystallization of ZnO nanostructures, where the NPs size and
number density both perpendicular and parallel to the nanoﬂakes are
increased. The diameters of NPs are found to range from 10 to 36 nm.
Some pieces of nanoﬂakes are entangled on the NPs (Fig. 6(b)). This
increase in the grain size with the increase of annealing time also
agreed with the XRD analysis. Such increase in the average diameter of
the NPs with increasing annealing time is due to the Time extension by
supplying the thermal energy agitated agglomeration of ﬁner NPs.
Moreover, the achievement of the improved morphology may be due to
the reduction of no bridging oxygen defects and subsequent favorable
formation of hexagonal structure [30].
According to the literature, the growth mechanism of ZNSs and their
agglomeration in the absence of a seed layer or metal catalyst can be
divided into two steps such as the nucleation and growth. Nucleation is
deﬁned as the agglomeration process of molecules to form the ﬁrst
grain of the nanostructure and the growth takes over when a critical
nucleus is reached. In this process, the vapor of Zn powder reacts with
the O2 atoms during the heating process to form the nucleus of the ZnO.
Then, the ZnO or Zn vapor condenses into liquid droplets of ZnO (l) or
Zn (l) on the surface of the substrate [38]. Liquid droplets that are
observed in the initial stage of the nanoﬂkes nucleation process create
the favored nucleation sites on the substrate and subsequently the
growth process begins from these sites[39].
Fig. 6(b), (d), (f) and (h) display the cross-sectional FESEM images
of as-prepared, 1 h, 2 h, and 3 h annealed samples, respectively. The
thickness uniformity over a large substrate area is conﬁrmed through
extensive inspection of the entire ﬁlm cross-section (Fig. 6(b)). The thin
ﬁlm surface of as-prepared sample is completely devoid of any frag-
mented particles, where no perpendicular nanoﬂakes are seen in the
absence of any annealing. However, the AGZO thin ﬁlm with 1 h of
annealing (Fig. 6(d)) clearly displayed the formation of dense nano-
ﬂakes with approximate length of 60 nm. Further increase in the an-
nealing time duration (2 h) has remarkably enhanced the growth rate of
nanoﬂakes (Fig. 6(f)). The cross-sectional morphology for the sample
with 3 h of annealing (Fig. 6(h)) also demonstrated the growth of thick
and dense grains. The observed growth of large crystallites with higher
roughness indicates (micro ﬂakes) and another low roughness indicates
nanoﬂakes, the presence of some grains which are perpendicular to the
substrate surface.
The mechanism for the formation of ZnO-embedded nanoﬂakes
together with nanoparticles can be explained as follows. In the sol-gel
assisted spin coating process, ZnAc upon reaction with Al(NO3)3·9H2O,
Ga(NO3)3·9H2O, 2-propanol and ethanolamine produces AGZO nuclei.
Due to the rotation and formation of irregular layers of unequal
thickness (agglomerate of multi nanoparticles) these types of nanos-
tuructures are generated. Furthermore, the complex reaction me-
chanism played a signiﬁcant role on the morphology variation of AGZO
nanostuructures. These AGZO NSs at the onset of saturation formed
ZnO nuclei which is then grew up under controlled temperature at
500 °C, time, free energy of the precursors, and growth rate of the
various facets of ZnO crystal resulted in such nanoﬂakes. Conversely,
the oxidation at annealing time of 3 h resulted in the nanoﬂakes for-
mation with gradually increased in the density. The positive stress of
top oxide layer is believed to increase drastically at larger thickness,
causing more deformations and enhanced nucleation rate. Increase in
the annealing time caused an increase in the oxidation time, where the
generated suﬃcient stress led to the formation of nanoﬂakes. The es-
timated grain sizes are 13, 23 and 30 nm for 1 h, 2 h and 3 h, respec-
tively. Clearly, the estimated grain sizes are increased with increasing
synthesis time. Thus, the growth time during the synthesis of ZnO by
the sol-gel method played an important role on the overall morphology
of ZNSs. Fig. 6(c) and (g) shows the surface morphologies of the ZnO
powders prepared at various synthesis time ranging from 1 h to 3 h. The
FESEM images of AGZO samples revealed agglomerated nanoﬂakes
structures with high non-uniformity. At longer annealing time duration,
the nanoﬂakes appeared thicker, bigger, with more in numbers as
evidenced. In short, the increase in reaction time (annealing time)
signiﬁcantly aﬀected the surface morphology.
The EDX spectra as showed in Fig. 7 for (sample (g) from Fig. 6)
clearly exhibited the right elemental composition of the AGZO ﬁlm in
terms of elements including Zn, Si, O, Al, and Ga. The appearance of
intense Zn peak indicates that these thin ﬁlms are mainly composed of
pure ZnO as supported by AFM and XRD results. Furthermore, the
contents of Zn and O are found to decrease upon annealing, indicating
that some of the Zn is vaporized, diﬀused inside the Si substrate and
intermixed with Si.
Fig. 8 illustrates the room temperature PL spectra of all samples
obtained at wavelength excitation (320 nm). The presence of intense
UV peak in the range of 3.20 to 3.02 eV for four diﬀerent AGZO samples
certainly indicates their good quality and purity. Furthermore, the
broadening of the peaks for the annealed samples clearly showed the
increase in the grain size distribution. The observed red shift
(∼0.21 eV) of the PL peak for the 3 h annealed sample is attributed to
increase in the grain size (PL peak shift towards lower energy because
of de-conﬁnement). The peak position revealed a blue shift at extended
heating time duration, indicating a decrease in the band gap. This ob-
servation is ascribed to the quantum size eﬀect [40]. Brus et al. [41]
and Kayanuma et al. [42] also reported a decrease in the ZnO band gap
with increasing crystalline size.
Upon prolonged annealing is majorly ascribed to the Si inter-diﬀu-
sion related coarsening mechanism and subsequent reduction of the
compressive stress. Since the photon-absorption and photo-excitation
occurred inside the ZnO NPs thus the observed UV emission showed
signiﬁcant size dependence. The possibility of direct exciton radiative
recombination responsible for the observed PL emission may not be
ruled out [42]. In fact, during thin ﬁlms growth, the oxygen deﬁcient
defects formed in the Si and ZnO matrix may have contributed to the
emission process.
All AGZO thin ﬁlms exhibited broad blue emission peaks.
Table 3
Annealing time dependent NPs mean size, rms roughness, number density and ratio of
grain area for synthesized AGZO nanoﬁlm.
Annealing
time (h)
RMS (nm) Number
density
(×1011
cm−2)
Ratio of
grain
area (%)
Average
height
(nm)
Average
width (nm)
As prepared 3.172 0.2 28 10 12
1 5.692 0.8 38 11 14
2 8.054 1.2 46 13 16
3 10.183 1.4 62 15 19
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Furthermore, the intensity of blue emission peak is found to enhance
with the increase of NIR energy eﬃciency. It is worth noting that the
blue emission depends on the relative concentrations of free electrons
and defects created by oxygen vacancies in its lattice as a result of
heating treatment [43]. This result is consistent with the XRD analysis,
indicating that the crystal quality of the AGZO thin ﬁlms can be con-
trolled by adjusting the energy eﬃciency of the NIR process.
The occurrence of a broad size distribution of oxygen-passivated
NPs in the ﬁlm is responsible for the observed asymmetry and broad-
ening of the PL peak. In addition, the near band-edge transition of the
Fig. 6. FESEM images (top view) of AGZO nanoﬁlms: (a) as-prepared
and annealed for (c) 1 h. (e) 2 h. (g) 3 h. on the left. Inset shows the
magniﬁed view of selected area. The cross-sectional FESEM images of
samples: (b) as-prepared and annealed for (d) 1 h. (f) 2 h. (h) 3 h.
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wide band gap, especially the radiative recombination of the free ex-
citons through an exciton–exciton collision process may contribute to
the PL emission.
The electrical resistivity of as-prepared and annealed ﬁlms is mea-
sured using four point probes method with silver as a contact electrode.
The observed low conductivity of the as-grown ﬁlms is attributed to the
grain boundary eﬀects as well as the adsorption of air (used as carrier
gas). Furthermore, the possibility of chemisorptions of large number of
oxygen molecules on the surface and grain boundaries of the ﬁlm
cannot be ruled out. This in turn created the potential barrier that af-
fected the electrical transport, causing an enhanced electrical resistivity
[44]. Annealing over prolonged duration may cause adesorption of
oxygen ions from the samples, donating an electron to the atom. Thus,
it reduced the resistivity by narrowing the grain boundary potential
because the electrical conductivity depends on the number of charge
carriers and their mobility [45]. The resistivity of the AGZO nanoﬁlms
(Table 2) is found to drop rapidly from 0.167 (as-prepared sample) to
0.024 Ωm (sample annealed for 3 h), indicating the attainment of a
stable structure. Furthermore, the annealing mediated suﬃcient atomic
diﬀusion may be responsible for the phase separation in the ﬁlm [46].
This observation is consistent with the ﬁndings of Kim et al. [47].
Four-point probe is unable to detect the sheet resistance of as-de-
posited ZnO. This because many of the atoms are deposited at in-
appropriate positions before annealing and having low level of crys-
tallinity as supported by the XRD analysis. However, annealing process
has allowed the atoms to receive enough thermal energy for achieving
equilibrium structure and subsequent reduction of the lattice strain.
Thus, prolonged annealing allowed the formation of perfect crystalline
structure, where the sheet resistance is reduced to a detectable range.
The resistivity of synthesized thin ﬁlms is calculated by multiplying
sheet resistance. Table 2 enlisted the annealing time dependent re-
sistivity of ﬁlms and FWHM.
The observed decrease in the resistivity with increasing annealing
time suggests that the atoms in the ﬁlm received enough thermal energy
to migrate to more suitable lattice sites for equilibration and thus
formed more perfect crystals. The as-grown ﬁlms displayed low con-
ductivity, which may be due to grain boundary eﬀects and adsorption
of air that is used as carrier gas. There is a possibility of chemisorptions
of large number of oxygen molecules on the surface and grain bound-
aries of the ﬁlm, which can create the potential barrier that aﬀects the
electrical transport causing a reduction in conductivity [44].
The thin ﬁlm is known to have lower resistivity as the structure is
more crystalline with fewer defects, in other word the low for the ﬁrst
sample AGZO as grown with (FWHM= 0.01621) the resistivity was
(0.167 Ω cm), When the annealing time became 3 h the crystallinity
improved at low (FWHM= 0.0486) and the resistivity of this ﬁlm de-
creased (0.024 Ω cm).
Fig. 9 displays the annealing time dependent Raman spectra of the
prepared AGZO ﬁlm. ZnO crystal being comprised of 4 atoms per pri-
mitive cell the point group is C6 v with 12 ° of freedom for vibrational
modes (nine optical and three acoustic phonon modes). The Raman
active optical modes at the C point include C opti-
c = A1 + E1 + 2E2 + 2B1. A1(Z), E1(x), E1(y) and E2, except the silent
mode (B1). The E2 optical mode is observed at 101 cm−1 and 441 cm−1.
Modes such as E2(TO), A1(TO), and E1(TO) are evidenced at 334 cm−1,
381 cm−1, and 410 cm−1, respectively. The higher order Raman peaks
are evidenced at 547 cm−1(2B1), 580 cm−1 (TA + TO), 661 cm−1
Fig. 7. Typical EDX spectra (for selected area) of
AGZO nanoﬁlms with 3 h annealing.
Fig. 8. PL spectra of synthesized AGZO samples as a function of annealing time.
Fig. 9. Raman spectra of AGZO ﬁlm: (a) as-prepared. and annealed at (b) 1 h. (c) 2 h. (d)
3 h.
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(TA + LO), and 976 cm−1 (2LO). Our observation for the optical
phonon modes are in good agreement with the ﬁndings of Irimpan et al.
[48], Arguello et al. [49], Calleja and Cardona [50], and Serrano et al.
[51]. The intensities of the Raman peaks for all samples are dropped
with increasing annealing time, where the intensity and line shape of
the second-order Raman peak around 976 cm−1 is most aﬀected.
The samples annealed for 2 and 3 h revealed stronger intensity re-
lated to the Raman mode (441 cm−1) than those of as-prepared and 1 h
treated samples. The occurrence of sharp peak centred at 441 cm−1 is
assigned to the normal lattice of ZnO crystals. With the increasing
heating time (annealing), the intensity of the peak at 441 cm−1 is en-
hanced, conﬁrming the improvement of crystallinity. This ﬁnding is
consistent with that of the XRD measurement [52].
The reduction of the second-order Raman peak intensity for sample
annealed at 3 h is strongly related to strong crystallinity because it is
not aﬀected much.
The narrowing of the band gap (Eg) in AGZO nanoﬁlms with in-
creasing annealing time can be understood using a mathematical for-
mula that has been suggested and based on the line ﬁtting data. The
variation of Eg with annealing time obeys the relation [53]:
= −E 3.255 0.065 tg (6)
Where t is the annealing time for AGZO nanostructure ﬁlms. This re-
lation shows a negative gradient meaning that the value of Eg is de-
creased with increasing annealing time. The ﬁtted data of band gap
variation with the annealing time agreed well with the experimental
data (Fig. 10). The rate of decrease in the value of Eg is linearly pro-
portional to the annealing time duration.
4. Conclusion
Inﬂuences of annealing time on the structure, morphology and PL
properties of AGZO nanoﬁlms are examined. These ﬁlms are deposited
on Si substrate using sol-gel and spin coating methods and character-
ized via analytical measurements. AFM and FESEM images of synthe-
sized samples revealed the existence of NPs and nanoﬂakes structures.
XRD pattern conﬁrmed the good crystallinity of samples and EDX
spectra conﬁrmed the appropriate elemental traces in the grown ﬁlms.
PL spectra showed the intense UV peak accompanied by a red shift in
the peak intensity as well as broadening with increasing annealing time,
which is attributed to the quantum conﬁnement eﬀect of photo carriers.
Raman spectra exhibited various phonon modes, where the intensity of
Raman peaks are greatly aﬀected by the annealing treatment.
Prolonged annealing duration (3 h) resulted lattice contraction and
strain relaxation. Grain density, size, resistivity and occupancy are
discerned to be strongly sensitive to the annealing time. It is demon-
strated that by controlling the annealing time it is possible to tune the
overall morphology, structure and optical properties on AGZO ﬁlms
prerequisite for diverse applications. Based on the results, we assert that
the present moderate temperature growth mode of AGZO nanoﬁlms is
prospective for the development of good quality materials processing.
The proposed material may be useful for the fabrication of biosensors,
full-colour display, and integrated optoelectronics technology.
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